Brick workers and their families in Nepal generally live in poorly ventilated on-site housing at the brick kiln, and may be at higher risk for non-occupational exposure to fine particulate matter air pollution and subsequent respiratory diseases due to indoor and outdoor sources. This study characterized non-occupational exposure to PM 2.5 by comparing overall concentrations and specific chemical components of PM 2.5 inside and outside of brick workers' on-site housing. For all samples, the geometric mean PM 2.5 concentration was 184.65 µg/m 3 (95% confidence interval: 134.70, 253.12 µg/m 3 ). PM 2.5 concentrations differed by kiln number (p = 0.009). Kiln number was significantly associated with 16 of 29 (55%) air pollutant, temperature, or relative humidity variables. There was not a significant interaction between kiln number and location of sample for PM 2.5 (p = 0.16), but there was for relative humidity (p = 0.02) and temperature (p = 0.01). Results were qualitatively similar when we repeated analyses using indoor samples only. There was no difference in the chemical makeup of indoor and outdoor PM 2.5 in this study, suggesting that outdoor PM 2.5 air pollution easily infiltrates into on-site brick worker housing. Outdoor and indoor PM 2.5 concentrations found in this study far exceed recommended levels. These findings warrant future interventions targeted to this vulnerable population.
Introduction
Brick workers throughout South Asia predominantly live in impoverished conditions, while simultaneously experiencing unsafe working conditions and hazardous inhalation exposures, often starting in childhood [1] [2] [3] [4] [5] [6] . Currently, there are more than 30,000 seasonal workers employed in more than 100 operating brick kilns in the Kathmandu Valley, Nepal [7] [8] [9] . Brick workers in Nepal suffer disproportionately from respiratory diseases [10] , some of which may be directly related to silica and other hazardous occupational exposures [11] . However, it is also common in Nepal for brick workers and their families to live on-site at the kiln in rudimentary homes, where many are obliged to use cheap biomass (wood and animal dung) fuels for cooking. Consequently, in addition to unhealthy workplace exposures, many of these workers may also experience high-level exposures to household air pollutants during non-working hours [12] . while collimating the beam. A commercially purchased (Micromatter Technologies, Inc., Surrey, British Columbia, CA) thin-film standard was run as a sample every 10th analysis to demonstrate recovery and assess instrument drift.
Air Temperature and Relative Humidity
Air temperature (°C) and RH (%) were monitored using Extech (Extech Instruments, Nashua, NH) Model SD500 Datalogging Hygro-Thermometers (TRH meters). Prior to the study, we identified and labeled eight (TRH 1-8) similar meters out of 20 potential meters by assessing accuracy and precision in a controlled lab environment. Additionally, two more of the 20 potential meters were chosen and labeled as replacements in case of meter failure (BU1-2). Eight of the meters were used daily at each kiln; one indoor and one outdoor for each home. For each meter prior to each sampling period, data collection intervals were reset to 60 s, new batteries were installed, and the SD card was cleared. The meters were attached to the suspension string and sampling was initiated at the same time as the other instrumentation. Readings were taken every 60 s throughout the duration of the sampling period. After sampling, the data was transferred to computer storage as Excel spreadsheets via the SD card. After sampling kiln three, TRH 2 failed to reset and BU1 was used as a replacement in the next sampling period.
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Housing Questionnaire
With the help of an interpreter, we interviewed an adult resident of each home in Nepali, using a Nepali version of a 14-item housing questionnaire. The purpose of the questionnaire was to identify home characteristics that may be related to PM2.5 concentrations, thereby suggesting directions for future intervention research. Questionnaires items included size of home, time lived in home, total number of people and number of children living in the home, any previous water damage, whether residents cooked in the home, the type of fuel used, presence or absence of a chimney or other ventilation system, heating and lighting sources, number of smokers who lived in home, number of smokers who lived in home who regularly smoked inside, and number of indoor dog, cat, or rodent pets. 
PM 2.5 Measurement
To determine the concentration of PM 2.5 , we used SKC AirLite sampling pumps (SKC, Inc., Eighty Four, PA) to draw air at 2.0 L/min through personal exposure monitors (PEM; SKC, Inc.) with a cut point of 2.5µm. We applied vacuum grease to the impaction plates prior to sampling to limit particle bounce. Particulate matter was collected on pre-weighed 37 mm polytetrafluoroethylene (PTFE) filters with a 2.0 µm pore size (SKC, Inc.). PTFE filters were pre-and post-weighed on a Mettler Toledo XS3DU (Mettler Toledo, Columbus, OH) microbalance (detection limit mass: one µg with 99.9% accuracy if measuring at least one mg of weight; the average pre-weight of the PTFE filters we used was 56.47 mg). Field blanks (n = 5) were treated similar to the other sampling filters, although no air was pulled through them. Prior to sampling each day, new batteries were placed in the SKC AirLite pumps.
Pumps were pre-and post-calibrated with the sampling train in place using a Dry Cal Defender 510 volumetric flow calibrator (Mesa Labs, Butler, NJ). All but three of the 32 post-calibrations were within ±5% of the 2.0 L/min target flow rate.
PM 2.5 Carbon Analysis
Following gravimetric analysis, all sample filters were shipped to RTI (RTI International, Research Triangle Park, NC, USA) for optical analysis. Optical analysis was performed using a modified version of RTI's integrating sphere optical filter transmittance method [33, 34] . This technique measures optical transmittance through the filter and deposited sample at seven discrete wavelengths ranging from blue (430 nm) to near-infrared (940 nm). The wavelength-dependent change in transmission thru the filter from pre-to post-sampling is used to estimate the species-specific mass loading collected during sampling. Black carbon (BC) absorbs strongly at all wavelengths including near-infrared, while brown carbon (BrC) absorbs more light at shorter wavelengths and less in the near-infrared. The mass fraction of each species was calculated using an empirically-derived algorithm that iteratively adjusts the mass fraction of each species to minimize the difference between the measured and modeled optical properties of the collected particulate matter.
PM 2.5 Elemental Composition Measurement
RTI, International (RTI International, Research Triangle Park, NC, USA) performed the analysis of the 37mm filters for 33 elements ( Supplemental Table S1 ) following the IO3.3 compendium method [35] , modified for use using the Thermo (Thermo Fisher Scientific, Waltham, MA, USA) ARL energy-dispersive X-ray fluorescence (EDXRF) instrument. The X-ray excitation energies, filters, and counting times were optimized to achieve the best signal while minimizing the impacts of overlapping energy lines. A camera system within the instrument chamber was used to ensure the beam was focused on the exposed area of the filter to accurately quantify the elements of concern. The EDXRF used in this study was equipped with a silicon drift detector (SDD). This instrument configuration was used because it can produce enough spectral counts to fully quantify each element, while collimating the beam. A commercially purchased (Micromatter Technologies, Inc., Surrey, British Columbia, CA) thin-film standard was run as a sample every 10th analysis to demonstrate recovery and assess instrument drift.
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Air temperature ( • C) and RH (%) were monitored using Extech (Extech Instruments, Nashua, NH) Model SD500 Datalogging Hygro-Thermometers (TRH meters). Prior to the study, we identified and labeled eight (TRH 1-8) similar meters out of 20 potential meters by assessing accuracy and precision in a controlled lab environment. Additionally, two more of the 20 potential meters were chosen and labeled as replacements in case of meter failure (BU1-2). Eight of the meters were used daily at each kiln; one indoor and one outdoor for each home. For each meter prior to each sampling period, data collection intervals were reset to 60 s, new batteries were installed, and the SD card was cleared. The meters were attached to the suspension string and sampling was initiated at the same time as the other instrumentation. Readings were taken every 60 s throughout the duration of the sampling period. After sampling, the data was transferred to computer storage as Excel spreadsheets via the SD card. After sampling kiln three, TRH 2 failed to reset and BU1 was used as a replacement in the next sampling period.
Housing Questionnaire
With the help of an interpreter, we interviewed an adult resident of each home in Nepali, using a Nepali version of a 14-item housing questionnaire. The purpose of the questionnaire was to identify home characteristics that may be related to PM 2.5 concentrations, thereby suggesting directions for future intervention research. Questionnaires items included size of home, time lived in home, total number of people and number of children living in the home, any previous water damage, whether residents cooked in the home, the type of fuel used, presence or absence of a chimney or other ventilation system, heating and lighting sources, number of smokers who lived in home, number of smokers who lived in home who regularly smoked inside, and number of indoor dog, cat, or rodent pets.
Statistical Analyses
We conducted all analyses using SAS version 9.4 (SAS Institute Inc., Cary, NC). For PM 2.5 and PM 2.5 chemical components, we determined whether any of the field blank samples had measurements above detection limits. PM 2.5 , PM 2.5 bromine, PM 2.5 chromium, PM 2.5 iron, PM 2.5 magnesium, and PM 2.5 sulfur had at least one field blank sample that had measurements above detection limits, so we used the maximum field blank measurement for analyses instead of the detection limit. For temperature and RH, we calculated arithmetic means for each sample using simple linear regression models. For home characteristics, we calculated frequencies and percentages for categorical variables, and arithmetic means, standard deviations, minimums, first quartiles, medians, third quartiles, and maximums for continuous variables. Virtually all air pollutant concentrations, temperature, and RH distributions were right skewed, so we calculated geometric means (GM) and 95% confidence intervals (CI) using simple linear or Tobit regression models. This was done by using natural logarithm transformations of air pollutant, temperature, and RH measurements as dependent variables and exponentiating the regression coefficients. We used simple Tobit regression models to complete these calculations when some measurements were below detection limits. We also calculated minimums and maximums for each air pollutant, temperature, or RH variable.
If more than 10% of samples for a particular air pollutant, temperature, or RH variable had measurements above detection limits (or the maximum field blank sample measurement), then we estimated unadjusted associations between home characteristics and that air pollutant concentration, temperature, or RH variable using simple exact unconditional logistic, linear, or Tobit regression models. We used exact unconditional logistic regression models when greater than 10% to 30% of samples for a particular air-pollutant, temperature, or RH variable had measurements above detection limits, Tobit regression models when greater than 30% to 99% of samples for a particular air pollutant, temperature, or RH variable had measurements above detection limits, and linear regression models when 100% of samples for a particular air pollutant, temperature, or RH variable had measurements above detection limits [36, 37] . We used natural logarithm transformed air pollutant concentrations and temperature and RH variable measurements as dependent variables in the linear and Tobit regression models. For linear and Tobit regression model analyses and when appropriate, we evaluated pairwise differences in air pollutant concentrations or temperature RH measurements among categories of home characteristics and used the Tukey (linear regression models) or Tukey-Kramer (Tobit regression models) method to adjust p-values for multiple comparisons. We also evaluated interactions between kiln number and location of sample for each air pollutant or temperature or RH variable. As a secondary analysis, we again estimated unadjusted associations between home characteristics and air pollutant concentrations, temperature, and RH measurements using indoor samples only.
Results
The average home size was 7.64 m 2 (82.16 ft 2 ) and individuals had lived in the homes a median of 5.50 months (Table 1) . A median of 4.00 people lived in the houses, with a median occupant density of 65.15 residents/100 m 2 . Thirty-six percent of households reported having 1-3 children aged 0-18 years old living in the house and 31% reported having 1-3 children aged 0-6 years old living in the house. None of the households reported any serious water damage, and 100% of residents cooked inside the home. Sixty percent of households reported using wood as the primary fuel for cooking, but no household reported having a stove or other cooking source vented to the outdoors with a chimney. Ninety-three percent of homes had a heating source in the home and 67% reported the type of heating source was electricity. Ninety-three percent of homes had a non-electric light source in the home and 50% reported the type of non-electric light source was candles only. Sixty-seven percent of homes had at least one smoker, and 25% of homes had 3-4 smokers. Thirty-three percent of homes that had smokers living in them had 2-4 smokers who regularly smoked inside the home. None of the households reported having dogs, cats, or rodent pets living in the home. All of the homes in this study were of similar construction. Homes were built with fired (red) or unfired (green) bricks. Roofs were made by suspending bamboo poles across the roof opening, and covering this with sheets of tin. Tin roofing was held down by bricks or other heavy items. All homes used a natural fiber carpet to cover the door opening, and no homes in this study had windows. The GM for all PM 2.5 samples combined (indoor and outdoor) was 184.65 µg/m 3 ( Table 2) . There was not a significant difference between indoor (182.80 µg/m 3 ) and outdoor (186.52 µg/m 3 ) PM 2.5 concentrations (p = 0.06), but there was a significant difference in the GM PM 2.5 air concentrations among kilns (p = 0.009; Supplemental Table S2 ). Tests of pairwise differences indicated that the significant difference was attributed to kilns three (GM = 364.61 µg/m 3 ) and four (GM = 91.06 µg/m 3 , p = 0.005). No other home characteristic, including type of home (fire master vs. worker: p = 0.14) and location of sample (indoor vs. outdoor: p = 0.95), was significantly associated with PM 2.5 air concentrations.
Less than or equal to 10% of samples had measurements above detection limits for 11 PM 2.5 chemical components, but greater than 10% of samples had measurements above detection limits for PM 2.5 and 24 PM 2.5 chemical components (Supplemental Tables S1 and S2). The GMs for the 24 PM 2.5 chemical components ranged from 0.0041 µg/m 3 for PM 2.5 strontium to 15.19 µg/m 3 for PM 2.5 black carbon ( Table 2 ). The GM temperature was 26.56 • C and the GM RH was 40.51% ( Table 2) .
Kiln number was significantly associated with 13 of 24 (54%) PM 2.5 chemical components; kiln three had the highest concentration for 11 of these associations and kiln four had the lowest concentration for 11 (Supplemental Tables S2-S10). Location of sample was significantly associated with one (4%) PM 2.5 chemical component: indoor samples had a higher PM 2.5 chlorine concentration than outdoor samples (0.34 vs. 0.14 µg/m 3 , p = 0.05). Size of house was significantly associated with one (4%) PM 2.5 chemical component: a 50 ft 2 increase in size of house was associated with a 558% increase in the odds of PM 2.5 sodium concentrations above the detection limit (p = 0.03; for a one m 2 increase in size of house, the odds ratio was 1.50, p = 0.03). How long lived in house was significantly associated with 12 (50%) PM 2.5 chemical components and 11 of these associations were positive. How many people live in house was significantly associated with two (8%) PM 2.5 chemical components and both of these associations were inverse. Occupant density was significantly associated with two (8%) PM 2.5 chemical components and both of these associations were inverse. Primary fuel used for cooking was significantly associated with two (8%) PM 2.5 chemical components; gas only had the lowest concentration and wood only had the highest concentration for both of these associations. Type of heating source in the home was significantly associated with four (17%) PM 2.5 chemical components and electricity had lower concentrations than other or none for all four of these associations. Any smokers living in the home was significantly associated with 12 (50%) PM 2.5 chemical components and any smokers living in the home had lower concentrations than no smokers living in the home for all 12 of these associations. How many smokers living in the home was significantly associated with 10 (42%) PM 2.5 chemical components; zero had the highest concentration for nine of these associations and one to two had the lowest concentration for eight. How many smokers living in the home regularly smoke inside the home was significantly associated with one (4%) PM 2.5 chemical component: zero to one had a higher PM 2.5 sodium concentration than two to four (2.38 vs. 1.15 µg/m 3 , p = 0.007). Type of home, how many children 0-18 years-old live in house, how many children under six years-old live in house, and type of non-electric light source in the home were not significantly associated with any PM 2.5 chemical components.
There was a significant difference in GM RH among kilns (p < 0.0001) (Supplemental Table S10 ). Tests of pairwise differences indicated that only kilns three (GM = 53.69%) and four (GM = 65.13%) had GM RH percentages that were not significantly different (p = 0.12). Abbreviations: CI, confidence interval; DL, detection limit; GM, geometric mean; Max, maximum; Min, minimum; NA, not applicable; PM 2.5 , particulate matter with an aerodynamic diameter less than 2.5 µm; A Eleven air pollutants measured above detection limits in less than 10% of samples. The names, detection limits, and summary statistics for these air pollutants are included in Supplemental Table S1 ; B Detection limits are included in Supplemental Table S1 ; C Estimated via linear regression models of the natural logarithm transformed values; D Calculated from samples that had values above detection limits; E Maximum mass and concentration ranges from blank samples that measured above detection limits were used instead of detection limit masses and concentration ranges; F Estimated via Tobit regression models of the natural logarithm transformed values.
There was a significant inverse association between number of people living in the house and RH (exp(β) = 0.87; 95% CI: 0.80, 0.93; p = 0.0005). Primary fuel used for cooking was significantly associated with RH (p = 0.02). Tests of pairwise differences indicated a significant difference between gas only (GM = 54.84%) and other (coal and wood, gas and wood) (GM = 26.87%, p = 0.01). RH was significantly associated with type of heating source in the home (electricity: GM = 52.92%; other (lightbulb, line cable) or none: GM = 26.20%, p < 0.0001). Type of non-electric light source in the home was significantly associated with RH (p < 0.0001). Tests of pairwise differences indicated significant differences between candle (GM = 51.18%) and generator (GM = 22.56%, p < 0.0001) and generator and other (candle and torch, fuel) or none (GM = 51.45%, p < 0.0001). RH was significantly associated with number of smokers living in the home who regularly smoke inside the home (0-1: GM = 55.10%; 2-4: GM = 36.12%, p = 0.03).
There was a significant difference in GM temperature among kilns (p < 0.0001) (Supplemental Table S10 ). Tests of pairwise differences indicated that only kilns two (GM = 26.50 • C) and three (GM = 27.03 • C) had GM temperatures that were not significantly different (p = 0.97). There was a significant positive association between temperature and number of people living in the house (exp(β) = 1.03; 95% CI: 1.00, 1.06; p = 0.04). Temperature was significantly associated with primary fuel used for cooking (p = 0.01). Tests of pairwise differences indicated significant differences between gas only (GM = 22.62 • C) and wood only (GM = 27.28 • C, p = 0.02) and gas only and other (coal and wood, gas and wood) (GM = 29.11 • C, p = 0.01). Type of heating source in the home was significantly associated with temperature (electricity: GM = 24.12 • C; other (lightbulb, line cable) or none: GM = 30.26 • C, p = 0.0004). Temperature was significantly associated with type of non-electric light source in the home (p = 0.0003). Tests of pairwise differences indicated significant differences between candle (GM = 24.65 • C) and generator (GM = 31.51 • C, p = 0.0003) and generator and other (candle and torch, fuel) or none (GM = 24.70 • C, p = 0.003). The presence of smokers living in the home was significantly associated with temperature (No: GM = 29.35 • C; Yes: GM = 25.26 • C, p = 0.01).
Interactions between kiln number and location of sample were statistically significant for PM 2.5 lead (p = 0.03), RH (p = 0.02), and temperature (p = 0.01), but not for PM 2.5 (p = 0.16) or any other PM 2.5 chemical component (Figure 2 , Table 3 ). Table 3 ). The large dashed line shows the overall geometric mean and the small dashed lines show the 95% confidence interval for the overall geometric mean. Abbreviations: PM2.5, particulate matter with an aerodynamic diameter less than 2.5 μm.
Figure 2.
Interaction between kiln number and location of sample (p for interaction = 0.16) and PM 2.5 measured at homes at brick kilns in Bhaktapur, Nepal, May 2018 (actual values of geometric means and 95% confidence intervals are included in Table 3 ). The large dashed line shows the overall geometric mean and the small dashed lines show the 95% confidence interval for the overall geometric mean. Abbreviations: PM 2.5 , particulate matter with an aerodynamic diameter less than 2.5 µm. Abbreviations: CI, confidence interval; GM, geometric mean; PM 2.5 , particulate matter with an aerodynamic diameter less than 2.5 µm; A Eleven air pollutants measured above detection limits in less than 10% of samples. The names, detection limits, and summary statistics for these air pollutants are included in Supplemental Table S1 Although there were fewer significant associations when we estimated unadjusted associations between home characteristics and air pollutant concentrations, temperature, or RH using indoor samples only, perhaps because of smaller sample sizes and reduced statistical power, results were generally similar (not shown). The two home characteristics that experienced the largest decreases in numbers of significant associations were how long lived in house (zero significant associations using indoor samples only) and how many smokers living in the home (two significant associations using indoor samples only). The associations that were significant when we used indoor samples only were almost always the same associations that were significant when we used all samples and the significant associations were almost always in the same directions.
Discussion
To the best of our knowledge, this is the first study to characterize indoor air pollution in on-site brick workers' homes in Nepal. In order to put this study in perspective, it might be helpful to discuss some limitations to the work first. We had limited access to the kilns for this study, and were obliged to collect our samples during daytime hours. Thus, our results must be considered in light of the partial-day exposures that we measured, when most of the men and many of the women were at work, and when there was little cooking taking place in the homes. We arrived at the kilns after the morning meal had been prepared, and we collected our equipment in the late afternoon of the same day before the evening meal was prepared or when candles were used for light in the homes, or home occupants started smoking indoors. Thus, our results most likely significantly underestimate the indoor PM 2.5 exposures experienced by brick workers and their families, especially during evening and morning hours. However, even under these conservative sampling conditions, the geometric mean indoor PM 2.5 concentration across the 16 homes sampled in this study was 182.80 µg/m 3 , which is approximately 5.2 times greater than the WHO recommended annual average of 35 µg/m 3 for indoor PM 2.5 levels [27] . Our study was limited to sampling at 16 homes. However, these homes were at four separate kilns located in different sections of Bhaktapur, Nepal. Indoor and outdoor samples resulted in the analysis of 32 samples for multiple contaminants.
We also documented several characteristics of brick workers' homes that may be related to high indoor PM 2.5 exposures. Perhaps most importantly, the on-site housing was small, averaging less than 8.0 m 2 , with significant overcrowding. The mean occupant density was approximately 75.0 persons/100m 2 , far higher than that found in low-income housing in developed countries. The small size and high occupant densities in brick workers' on-site housing may be important when considering the various combustion sources in the homes, and how indoor pollution may concentrate in these small, poorly ventilated structures. Of note, not a single home in our study had a stove or other cooking source vented to the outdoors with a chimney. Additionally, 60% of homes in this study used an open wood fire in the home as the primary cooking source. Household air pollution from indoor cooking with biomass fuels is a major public health issue globally [27] , and our findings suggest this practice is common among Nepali brick workers living in on-site housing. We also found high rates of smoking, and smoking indoors among home occupants. For half of the homes in this study, candles were used as the only means of light, which may also contribute to the overall indoor PM 2.5 burden. Based on our findings, we suggest that household air pollution from indoor cooking with biomass fuels, in combination with other combustion sources such as smoking and use of candles, may be a serious and pervasive problem in on-site brick worker housing in Nepal. However, due to limitations in this study we were not able to show this empirically. These results are informative, however, and can be used to guide future studies to more fully characterize indoor pollution exposures in this population of workers.
Our findings from the outdoor samples are also of interest. Many of the brick kilns in the Kathmandu Valley are FCBTK, which contribute significantly to outdoor air pollution [9] . Incomplete combustion in FCBTK results in higher emission values when compared to zig-zag kilns, vertical shaft kilns or Hoffman kilns. The average value of PM emissions are within the regulatory limit, however, some of the kilns emit higher PM [38] . Due to the shorter chimney heights of the FCBTK following the 2015 earthquake, and due to increased traffic and population density, air pollution levels in the valley have increased over time. For example, two previous reports show outdoor PM 2.5 concentrations in the Kathmandu Valley at 125 and 140 ug/m 3 [13, 14] . Our findings add to these previous studies. We found an average outdoor PM 2.5 concentration across the four brick kilns of 186.52 ug/m 3 . This level far exceeds the WHO recommended annual and 24 hr mean levels of 10 ug/m 3 and 25 ug/m 3 , respectively [39] . Much of this pollution likely originates from the kilns themselves. In addition, many of the kilns in Bhaktapur are located along the Araniko Highway. This highway, built in the 1960s, is the major thoroughfare from Kathmandu through Bhaktapur and into the eastern regions of Nepal and eventually to the Nepal/China border. Thus, we suspect that a high percentage of the PM 2.5 pollution measured in this study originated from vehicle exhaust on the highway. One factor that may contribute to elevated levels of outdoor particulate matter is the relative low wind speeds in the Kathmandu Valley. The brickmaking season is during the windiest part of the year. Yet wind speeds average less than 8 km per hour. There is no predominant wind direction. However, wind rarely comes from the east. The kilns in this study were located 10 km east of Kathmandu [40] .
Mean indoor PM 2.5 concentration and PM 2.5 components, with the exception of chlorine, did not differ significantly from outdoor samples. This was not surprising, considering that we did not sample during prime cooking hours for morning and evening meals. We suggest that the indoor levels measured in this study were likely due to infiltration of outdoor air pollution into homes. Typical brick worker homes have dirt floors, are small, and have low roofs and high occupant densities. The walls are generally constructed with either red (fired) or green (unfired) bricks from the kiln, and are often not mortared together, leaving significant gaps between bricks. The roof of the home is most often constructed from tin sheets placed over bamboo poles, leaving gaps between the tops of walls and the roof. Natural fiber mats are used to cover doorway openings. Thus, gaps in the building materials allow for infiltration of outdoor air pollution. We are not sure what might account for the higher levels of chlorine found indoors vs. outdoors. In comparison to modern homes in westernized countries, the I/O ratios found in this study were quite high. For PM 2.5 , the I/O ratio in the on-site brick workers' housing was 0.98. By comparison, I/O particulate ratios in modern housing in westernized countries ranges from 0.48 to 0.81 [18] [19] [20] . When looking at individual PM 2.5 constituents, we found similarly high ratios. These results suggest a high percentage of outdoor air pollution infiltrates into brick workers' homes.
Several relatively low-cost measures may help to significantly reduce infiltration of outdoor air pollution into brick workers' homes. First, many of the homes were constructed with bricks that were not mortared together. Infiltration of outdoor air pollution can be significantly limited by sealing gaps between the bricks and between the walls and the roof. Home doorways may also be a significant source of outdoor pollution infiltration since the natural fiber carpets that cover the doorway are not tight-fitting. Using a rigid, tight-fitting door may provide a better seal. However, sealing gaps in the homes may exacerbate indoor pollution levels from cooking, smoking, and burning candles. Low-cost chimney stoves have been shown to significantly reduce indoor emissions in similar rustic housing [41] .
Smoking cessation programs may help reduce indoor pollutants, as well as simple electric light bulbs rather than candles.
There was also no difference in indoor PM 2.5 concentration or components based on type of home. Firemans' homes are located directly on or next to the kiln trench. Other workers' homes are located off the kiln trench and up to 100 m away from the kiln itself. However, there was no significant difference between the air contaminant concentrations in these two types of homes. Home construction, size, and occupant density were similar for both types of homes. Thus, home location on the kiln property did not seem to affect indoor air contaminant concentrations. Twenty-four PM 2.5 chemical components we measured had greater than 10% of samples with measurements above detection limits. Compared to arithmetic mean concentrations reported in California [31, 42] , the GM concentrations we measured were higher for 11 PM 2.5 chemical components (aluminum, calcium, chlorine, iron, potassium, manganese, lead, sulfur, silicon, titanium, zinc), similar for three (bromine, nickel, vanadium), and lower for one (copper). Compared to arithmetic mean concentrations reported in China [43] [44] [45] [46] , the GM concentrations we measured were higher for three PM 2.5 chemical components (black carbon, iron, titanium), similar for three (calcium, magnesium, potassium), and lower for seven (arsenic, bromine, chlorine, lead, manganese, sodium, zinc). Concentrations may have been higher for most PM 2.5 chemical components we measured relative to those measured in California because the concentration of total PM 2.5 we measured, 184.65 µg/m 3 , was about nine times as high as that measured in California: 19.3 µg/m 3 [31, 42] . However, concentrations of total PM 2.5 measured in China, 55 µg/m 3 in one study and 115 µg/m 3 in another [43, 46] , were also lower than what we measured, which may mean the chemical composition and sources of the PM 2.5 we measured were different from those of the PM 2.5 measured in China. Future research in Nepal should determine the sources of PM 2.5 air pollution for brick-kiln workers and their families. The brick industry should continue to investigate the latest production technologies to reduce emissions and improve worker and community health.
Conclusions
In conclusion, outdoor and indoor PM 2.5 concentrations found at homes of brick-kiln workers and their families at brick kilns in Bhaktapur, Nepal, far exceed recommended levels. There was also a wide range of PM 2.5 chemical components inside and outside brick workers' homes. There was no difference in the concentrations or chemical makeup of indoor and outdoor PM 2.5 in this study, suggesting that outdoor PM 2.5 air pollution easily infiltrates into on-site brick-worker housing. These findings warrant future interventions to reduce PM 2.5 concentrations among the vulnerable population of brick-kiln workers and their families in Nepal.
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